Abstract : The DC microgrid system is one of hopeful candidate of the community-level power systems including renewable energy sources. This paper proposes an abstract system model of DC microgrid systems for fast and accurate simulation toward long-term virtual experiment of the DC microgrid system. We constructed the abstract system model based on the specification of the DC microgrid system. Experimental results show that the simulation results are valid comparing with the real measured data.
Introduction
Effective utilization of the renewable energy is a big motivation for the renovation of the conventional power systems. The conventional power plants such as heat power, nuclear power, etc. are large scale and they are supposed to be responsible for wide area transmission. The most power systems are optimized for the conventional power plants. On the other hand, the renewable energy sources such as solar power, wind power, etc. are usually small scale, and their outputs are unstable. Such renewable energy sources are distributed, and the batteries are often equipped to fill in the temporal gap between generation and consumption.
Microgrids [1] are hopeful solution of the future power systems including renewable energy sources. Especially, DC microgrid systems have big advantages in terms of its efficiency because the most renewable energy and home appliances are DC. This means that the DC microgrid systems reduce the power conversion loss between DC and AC.
In order to demonstrate the efficiency of the DC microgrid systems, we constructed the DC microgrid systems in Nushima island, Japan as experimental research [2] , and the constructed system had been operated for one year. Operating the system for long term gives a lot of technical insight for the system operation and structural optimization. Additionally, we also performed the pilot program for the dynamic pricing of the electricity, and analyzed the dynamics of the residents in Nushima island [3] . Such pilot program requires full cooperation of the residents, and it is difficult to continue the pilot program for long term because such new program imposes a non-negligible strain on the residents. Then it is impossible to perform largescale and long-term experiment of the DC microgrid systems with new pricing strategies.
The motivation of this research is the long-term virtual experiment of the DC microgrid systems including the residents' dynamics. Through the virtual experiment, we plan to analyze the efficiency of the DC microgrid systems and to perform the structural and operation optimizations. When we analyze and optimize the DC microgrid systems, the DC microgrid systems are conventionally modeled in two ways: circuit level modeling such as MATLAB/Simulink modeling and mathematical modeling such as mixed integer programming (MIP) model. The power systems are modeled in the circuit level in order to analyze the stability, controllability, etc., and the simulation usually takes long time. On the other hand, the model is mathematically formulated to obtain the optimal solutions such as optimal power distribution and optimal structure. However, the mathematical model requires all inputs such as PV generation and electricity demand patterns beforehand.
When we perform the virtual experiment of the DC microgrid systems including the dynamics, these models are not suitable. The circuit level model takes long simulation time, and it is impossible to perform the long-term simulation. The mathematical model requires all inputs beforehand, so it is impossible to support the real-time feedback of the dynamics to the input of DC microgrid systems. The simulation of DC microgrid systems for the virtual experiment requires to immediately reflect the effect by the dynamics to the next time step, and such system model is necessary.
In this paper, we propose the abstract system model of DC microgrid systems for accuracy-oriented simulation toward virtual experiment including the residents' dynamics. Figure 1 shows the agent simulation framework of DC microgrid systems, which is our final goal. As shown in Fig. 1 , the simulation framework consists of the agent model and the system model. The agent model realizes the simulation of the residents' behavior, and the system model simulates the DC microgrid. The contribution of this paper is to propose an abstract system model for accuracy-oriented DC microgrid simulation. The abstract system model is intermediate between a circuit Fig. 1 The agent simulation framework of DC microgrid system. level model and a mathematical model, and is constructed with the specification level information such as the operation algorithm, efficiency of each component, etc.
This paper is structured as follows: Section 2 shows the related work. Section 3 explains the demonstration experiment of DC microgrid systems and its measurement results. Section 4 introduces our contribution: abstract system model of DC microgrid systems and its simulation flow. Section 5 shows the experimental results and Section 6 concludes this paper.
Related Work
The smart grid design is now hot research topic, and various researches have been progressed [4] - [6] . The field of the research for the smart grid design ranges from the application on the power system to the development of the elemental technology such as high efficiency PV panel, batteries, DC/DC converters, etc. Hahn et al. focused on the security issue of smart grid, and proposed a novel testbeds [7] . Agarwal et al. construct the campus-level microgrid at UCSD, and analyzed the building-level power demand [8] .
The DC microgrid systems are conventionally modeled in two ways: circuit level modeling and mathematical modeling such as mixed integer programming (MIP) model. There are various researches about circuit level modeling of microgrid [9] - [15] . The circuit level deals with the power system as the electric circuit, and each component is included as part of the circuit. Brenna et al. proposed the voltage control algorithm for the distributed generation [9] . Chukwu et al. proposed real-time management method of the new power systems including EV [10] . In the circuit level, the power system is analyzed its stability or controllability under the given scenario and assumptions, but its simulation usually takes long time. Thus the circuit level model is not suitable for the long-term simulation. Patterson et al. modeled and optimized the novel hybrid microgrid model using HOMER software [15] . HOMER is the software for the microgrid simulation [16] . HOMER enables simulation and optimization of the microgrids, and the sensitivity analysis is also supported. However, HOMER does not support the agent simulation, and it is difficult to support the real-time feedback of the dynamics as shown in Fig. 1 .
The mathematical modeling is another major modeling of the microgrid, and various researches also exist [12] , [17] . Kato et al. modeled the power distribution on the decentralized energy network [17] . Baboli et al. modeled the novel hybrid AC-DC microgrid as the circuit level model and the mathematical model [12] . The mathematical model outputs the optimal solutions such as optimal operation, optimal structure, etc., but it has some limitations. One of the limitations is computation time. Depending on the problem, the computation time becomes quite long. The other limitation is input data. The mathematical model requires all input beforehand, and it is impossible to support the real-time feedback of the various dynamics to the input of the model. The accuracy of the mathematical model is another critical limitation. In the mathematical model, the components such as converter and battery are simply modeled. The converter is usually regarded as one constant factor, and the battery is usually regarded as simple power container. However, the efficiency of converter depends on the input power, and the battery utilization has some limitations to keep the safety. For example, the charge/discharge current of the battery is usually limited. Such simple mathematical model usually sacrifices the simulation accuracy, and the new model is important to fill in the gap between a circuit level model and a mathematical model.
A proposed abstract system model is intermediate between a circuit level model and a mathematical model. In terms of time accuracy, the simulation unit time of the abstract system model is supposed between minutes and hours. This is obviously coarse for the circuit level simulation, but the fast simulation is realized. In terms of simulation accuracy, the abstract system model takes into account both voltage and current. The mathematical model is usually formulated not with voltage and current, but with power. This means the abstract system model enables accurate simulation than the mathematical model.
From the point of view of the application, various researches have been also done [18] - [22] . Kim et al. proposed market model for power transactions on microgrid [21] . Taniguchi et al. proposed power trading mechanisms on the decentralized energy network [22] . These researches suppose the imaginal power market, and the power trade is performed on the market. These researches are complemental work of our research.
Demonstration Experiment on DC Microgrid Systems
From 2012 to 2014, we worked on the demonstration experiment for feasibility study of DC microgrid systems. Our DC microgrid systems are constructed in Nushima island, Hyogo, Japan, and we measured various data. Our abstract system model is based on this experiments, and this section introduce the installed DC microgrid systems and measurement results.
Target DC Microgrid Systems
This section introduces the target DC microgrid system [2] . The DC microgrid system is composed of renewable energy sources, loads, batteries, and corresponding controller and converters. The DC microgrid system is also connected with commercial grid to purchase the power in case of power shortage. The DC microgrid system has three operation states: normal state, mandatory charge state, and mandatory discharge state. On the normal state, the DC microgrid system disconnects the Fig. 2 The instance of DC microgrid system. commercial grid, and the power demand in the DC microgrid is fulfilled by the generated renewable energy and the battery discharge. The battery takes a power balance of demand and supply, and the surplus energy is charged to the battery.
Operating the DC microgrid system with excessive demand, the SOC (state-of-charge) of the battery sometimes reaches lower level. Then the DC microgrid system changes the state to the mandatory charge state. On the mandatory charge state, the DC microgrid system connects the commercial grid, and the battery is mandatory charged in order for the stable power supply from the battery.
On the other hand, operating the DC microgrid system with excessive supply, the SOC of the battery easily reaches higher level. Then the DC microgrid system changes the state to the mandatory discharge state to avoid over charge. On the mandatory discharge state, the DC microgrid system disconnects the renewable generator, and the DC microgrid system is only operated by the battery. Because the DC microgrid system needs power supply to operate the system itself, the SOC level gradually decreases.
The DC microgrid system has four parameters to decides the state change. Let S OC S T , S OC UB , S OC LB , d be the standard value of SOC, upper bound of SOC, lower bound of SOC, and the approved difference of SOC, respectively. These parameters have to satisfy the following relations:
When we assume S OC as the current SOC level, the state change is managed as shown in Fig. 3 
Measurement Results
We installed three types of DC microgrid systems at school, office building, and apartment building in Nushima island. Table 1 shows the specification of the systems. The size of PV panel and battery is different for each system, and the same control algorithm to manage the operation state are equipped for each system. Figure 4 shows the real measured data from the DC microgrid system at school. The operation parameters are as follows: 
S OC
. First, the state of the DC microgrid system is normal state, and S OC is linearly decreased because of the following reasons: 1) the power demand is almost constant, 2) the output of PV panel is zero. Once S OC reaches S OC LB = 10%, the state is changed to the mandatory charge state. The battery is mandatory charged until S OC reaches S OC S T − d = 15%. As shown in Fig. 4 , the normal state and the mandatory charge state are iteratively switched in the small hours of the morning. After sunrise, the output of PV panel is increased, and S OC rapidly increased because the power demand is still small and constant. Just before noon, the state is changed to the mandatory discharge state because S OC reaches S OC UB = 90%. On the mandatory discharge state, the PV panel is disconnected and the output of PV panel becomes zero as shown in Fig. 4 . Because of the large output of PV panel and the small power demand, the normal state and the mandatory discharge state are iteratively switched in the afternoon. After sunset, the output of PV panel becomes zero, and S OC is gradually decreased. In this way, the DC microgrid system is operated. Figure 5 shows the output power of DC/DC converter of the battery at the school. X-axis means input power and Y-axis means output power. The dots correspond to each measurement point. As we can see, the relation between input power and output power is linear. Then following approximate expression corresponding to the solid line is obtained by fitting:
where P i and P o mean input power and output power, respectively. Since the converter takes its power source from input power, the intercept term becomes negative. For the other con- verters, the same characteristics are observed. These DC microgrid systems need power supply to operate the system itself. Table 2 summarizes the power to operate the system itself. These power include the power to operate all converters and the controller. This power is constantly consumed by the system.
Analyzing these results, we know the sum of purchased energy, the efficiency, etc. The motivation of this research is to know these information only with simulation.
Limitations of Demonstration Experiment
The demonstration experiment gives us a lot of technical insight for the DC microgrid systems, but we also faced the limitations in terms of reality. One of the limitations is electric demand. Ideally, the experiment should be done with real electric demand caused by the residents of each building. However, the electric demand is only from the 3kW electronic loads in this experiment because we could not prepare all home appliances supporting DC360V which is the voltage of the DC bus line. Thus, the electric demand is small and constant comparing with the generated energy by PV panel. This also leads small amount of purchased energy.
Abstract System Model of DC Microgrid Systems

Abstract System Model
The abstract model of DC microgrid systems is composed of three types of entities: generator entity, consumer entity, and battery entity. The generator entities correspond to PV panel, wind mill, etc., and the consumer entities correspond to each load such as DC360V, DC24V, DC19V, etc. The abstract model is constructed with multiple entities, and the entities are connected to the DC bus line.
In order to keep the voltage of DC bus line, the controller decides the power flow among the entities. Then the voltage fluctuation of DC bus line is caused. In the circuit level model, this phenomenon should be modeled accurately because the purpose of the circuit level model is to analyze the stability, controllability, etc. This is the reason why the simulation time takes long time. However, the accurate model of voltage fluctuation is not so important for the abstract system model be- cause the purpose of the abstract system model is to analyze the efficiency of the DC microgrid system and to perform the structural optimization via virtual experiment. Therefore, we constructed the suitable model for the long-term virtual experiment. In the abstract system model, while the transient analysis and the evaluation of controller are very important for the DC microgrid systems, we assume that the voltage is completely controlled by the ideal controller, and the voltage of DC bus line is kept at the target value. Figure 6 shows the overview of the abstract model. Generator entity is composed of source and converter. The source outputs given power and the converter adjusts the voltage of generated power flowing into the DC bus line. Let v source , i source , v bus , i gen be the voltage at source, the current from source, the voltage at the DC bus line, and the current from the converter to the DC bus line, respectively. Then i gen is calculated as follows:
where f α (p i ) gives the output power of input power p i at the converter α. Consumer entity is composed of sink and converter. The given power flows into the sink from the DC bus line through the converter. Let v sink , i sink , i con be the voltage at sink, the current flowing into sink, and the current from the DC bus line to the converter, respectively. Then i con is calculated as follows:
where f −1 β (p o ) gives the input power to output the power p o at the consumer's converter β.
Battery entity is composed of cell and converter. In case of power shortage, the battery entity feed the power to the DC bus line. In case of power surplus, the battery entity draw the surplus power into the entity. Let OCV, i cell , S OC t , i max , Q max , dt be the open circuit voltage of the battery cell, the current to the battery cell, the SOC level of the battery at unit time t, the maximum current for battery charge/discharge, the maximum capacity of the battery, and simulation unit time, respectively. Then the battery behavior is different depending on the current balance of the DC bus line.
When the battery is charged, the charge current i chg flowing from the DC bus line to the battery entity is calculated by the current balance. Then i cell is calculated as follows:
where f γ (p i ) gives the output power of input power p i at the converter γ. Since the battery's behavior is complicated, the research on the battery modeling is another important research topic. Additionally, the charge/discharge current also depends on the converter's behavior. Therefore, we simply modeled this part as Eq. (7) as abstraction. Usually, the maximum charge current i max limits the charge current to avoid the over current. Then S OC t+1 is calculated as follows:
When the battery is discharged, S OC t+1 is calculated with the discharged current i dchg in the same way.
Simulation Flow
This section explains the simulation flow with the abstract system model. Figure 7 shows the abstract system model of office building. The office building includes DC360V load, AC100V load, battery, and PV panel. The system is connected with commercial grid, and the system also consumes the power to operate system itself. The DC microgrid supports DC24V and DC19V loads, but these electric demand cannot be prepared. Thus the simulator model does not include the DC24V and DC19V entities, but the power to operate DC/DC converters for the DC24V and DC19V is regarded as the power to operate the system.
In order to perform the simulation of DC microgrid system with the abstract system model, we perform the system simulation as shown in Fig. 8 . Inputs of the framework include the generation and demand patterns and setting parameters. Outputs of the framework include the pattern for the SOC level and purchased power, and the details of simulation results such as efficiency, converter loss, etc.
The simulation is done by the following four steps:
1. Read input data such as generation and electric demand.
2. Calculate purchased power and battery charge/discharge current.
Update the SOC level.
4. Write status to log file.
These steps are iterated for each time step. The calculation of purchased power and battery charge/ discharge current is based on Kirchhoff's current law (KCL). When the input data is given, the generated power (v source , i source ) and the consumed power (v sink , i sink ) in Fig. 8 are decided. Then i gen , i conAC , and i conDC in Fig. 8 are calculated by Eqs. (5) and (6), respectively. Now we denote i conAC + i conDC as i con . Then the current balance i balance is calculated as follows:
For each state, purchased current i pur and battery charge/ discharge current i chg and i dchg are calculated to keep i balance = 0. Notice that both i chg and i dchg do not take negative value, and these are exclusive. This means that i chg takes positive value and i dchg = 0 in case of battery charge. On the other hand, i dchg takes positive value and i chg = 0 in case of battery discharge. On the normal state, the commercial grid is not connected, so i pur = 0. Then i chg and i dchg are calculated as follows:
On the mandatory discharge state, the commercial grid and the renewable generator are not connected, so i pur = 0 and i gen = 0. Then i chg and i dchg are calculated as follows:
On the mandatory charge state, both battery charge and power supply for the demand is done by the commercial grid. Then i chg and i dchg are calculated as follows:
Then purchased current i pur is calculated as follows:
Based on the above mentioned i chg and i dchg , i cell is calculated by Eq. (7). Then the SOC level of the battery is updated by Eq. (8) . The operation state of the DC microgrid is changed by the updated SOC level.
Experiment
In this section, the experimental results are demonstrated. The abstract system model is implemented by Java, and the simulation is performed with the inputs of the corresponding DC microgrid system. The simulation is performed on Intel Core2 Quad CPU 2.83GHz with 4GB memory. Table 3 Parameters and functions of abstract system model (school). Table 4 Parameters and functions of abstract system model (office). Table 5 Parameters and functions of abstract system model (apartment).
The parameters and functions for each DC microgrid system are summarized in Tables 3, 4 
Evaluation of Simulation Results
In order to demonstrate the effectiveness of proposed abstract system model, this section compares the simulation results and the real measured data of the DC microgrid system. We constructed three types of the DC microgrid systems shown in Table 1. "School," "Office," and "Apartment" mean the systems constructed at the elementary school, the office building, and the apartment house. These DC microgrid systems have different sizes of the PV panel and the battery, and the systems are operated by the same algorithm. The simulations are performed with real measured generation and consumption patterns at the same places in Nushima island, Hyogo Pref., Japan. Figure 9 shows real measured data at office building as example.
Notice that wind mill is equipped to the elementary school, but not worked due to technical problem. Therefore, in the simulation, the wind mill is removed.
We operated these DC microgrid systems for three days (2-4 June, 2014). The operation parameters are as follows: S OC S T = 50%, S OC UB = 90%, S OC LB = 10%, d = 35%. We measured the real data from these systems, and compared with the simulation results. The measured data is obtained every minutes, and the simulation interval is also one minute.
First of all, the simulation is finished in two seconds. The simulation with proposed abstract model is quite practical in terms of the computation time. Table 6 shows the comparison of the simulation error. The error is maximum absolute error of SOCs between measured data and simulated data. In the worst case, the error was about 20%. While the error becomes large in some points, the simulation results are good approximation of the actual situation. Therefore, we can consider that the sim- ulation model is valid for our objective. Figures 10 and 11 show the comparison of SOC transitions and the purchased power at the office building. "Measured" and "simulation" mean the real measured SOC level and the simulated SOC level, respectively. The simulation with proposed abstract system model achieved fast simulation, and the simulation also followed the almost same curves with the same input data (the power demand and the output of renewable generator). Thus the simulation is valid and it also achieved a certain level of accuracy. For the elementary school and the apartment house, the same results are obtained. 
Structural and Operation Optimization
This section demonstrates the structural and operation optimization of the DC microgrid systems with abstract system model. Table 7 shows the simulated purchased energy of the office building under the variety of PV panel size and battery capacity. The detailed setup including operation parameters is the same as previous experiments. Table 8 shows the installation cost for each combinations. Price rates of PV panel and battery are as follows: 275,000JPY/kW (PV) [23] and 40,000JPY/kWh (Battery) [24] . We can see that the increasing the PV panel size largely contributes to reduce the purchased energy. Taking into account the economical cost, we can optimize the structure of DC microgrid system. For example, the structure with 12.0kW PV panel and 13kWh battery does not become Pareto optimal solution under the purchased energy vs. installation cost because the better structures exist. For example, the structure with 10.0kW PV panel and 23kWh battery achieves lower cost and less purchased energy than the structure with 12.0kW PV panel and 13kWh battery. Such analysis is very important to choose Pareto optimal structure, and this cannot find intuitively. This is a big contribution of this research. Figure 12 also shows the simulated purchased energy of the office building under the variety of operation parameters. X axis means the value of S OC UB − S OC LB and Y axis means the purchased energy obtained by the simulation. We also changed the approved difference of SOC d. We can see that the purchased energy is decreased by increasing S OC UB − S OC LB and d values. The large S OC UB − S OC LB and d values mean the aggressive battery utilization, and such utilization requires the high performance controller for stable system operation. These simulation results clarify the appropriate operation parameter settings and the performance of controller taking into account the purchased energy and its cost.
Conclusion and Future Work
This paper proposed the abstract system model of DC microgrid systems toward long-term virtual experiment including residents' dynamics. The proposed model is constructed by specification level information, and Kirchhoff's current law based simulation is performed in discrete time. Experimental results show the effectiveness of proposed modeling.
Our final goal is long-term virtual experiment of DC microgrid system, and we still have some future works. The first future work is improvement of accuracy. The current model cannot follow the state change completely, and this makes the error of the SOC transitions. Additionally, the current model is simply assumed based on the battery's behavior, and introduction of more accurate battery model is another future work. Another important challenge is the agent model. Combining and simulating the novel pricing strategies and leading-edge DC microgrid system, we can easily evaluate and optimize the DC microgrid system and its structure.
